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ABSTRACT 

The report discusses in detail computer programs that have 
been written to analyze the broadening of x-ray diffraction peaks 
of hexagonal close-packed metals. The programs allow for the 
correction of the overlap of the long tails of the diffraction peak, 
and then correct for polarization and geometric .factors, atomic 
scattering factors, and the Ka doublet. Fourier coefficients are 
calculatedo+g Filon’s method of evaluating trigozxometrie inte- 
grals. The Stokes’ corrected Fourier coefficients are separated 
into particle size and distortion coefficients using the Warren- 
Averkach technique modified for hexagonal close-packed metals. 
Domain sizes are obtained from fault-unaffected peaks, whereas 
stackingfaultpro~bilities are obtainedfromfatit-affectedpeaks. 

PROBLEM STATUS 

A final report on one phase of the problem; work in other 
phases is continuing. 

AUTHORIZATION 

NRL Problem M01-23 
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COMPUTER PROGRAMS FOR THE ANALYSIS OF THE 
BROADENING OF X-RAY POWDER PATTERNS 

INTRODUCTION 

The effects of various crystal imperfections such as domain size, elastic strains, 
and faulting on the diffraction profile of x-ray powder patterns have been studied exten- 
sively (l-5). These studies have analyzed the changes in the positions and the profiles 
of the diffraction lines from powders prepared from metals and alloys by deformation 
(6,7,), electrodeposition (8,9,), vapor deposition (10, ll,), and by chemical processes 
such as catalytic reactions (12,13,). 

The broadening of the peak profile is assumed to be caused by the reduction in size 
of the coherently diffracting domains, by elastic strains within these domains, or by 
faulting on certain planes. Although many studies have been carried out on face-centered 
(fee) and body-centered cubic (bee) lattices, only a few investigations have been made on 
the broadening of x-ray powder patterns of metals and alloys that have the hexagonal 
close-packed (hcp) structure (14-25). In hcp metals and alloys the separation of the effects 
due to either domain size, faulting, or strains can be accomplished because certain (hkil) 
peaks are unaffected by faulting, whereas other (hkil) peaks are affected by faulting. 

This report discusses in detail computer programs that have been written to analyze 
the broadening of x-ray diffraction profiles to hcp metals and alloys. The programs allow 
for the correction of the overlap of the long tails of the diffraction peak, and then correct 
for polarization and geometric factors, atomic scattering factors, and the ~6 doublet by 
Keating’s method (26). Fourier coefficients for both cold-worked and annealed powders 
are calculated using Filon’s method (27) of evaluating trigonometric integrals. Stokes’ 
correction (28) is applied to these Fourier coefficients. The domain size and distortion 
coefficients are separated by the Warren-Averbach technique modified for hcp metals. 
Domain sizes and slopes of the curves of the distortion coefficient as a function of the 
product of the harmonic number and the interplanar spacing are then computed. 
the stacking fault probability can be found from these results. 

Finally, 

This report was greatly influenced by a similar report by Wagner (28). Several in- 
corporations have been made, such as the corrections for peak overlap, atomic scattering 
factor, and Ka doublet, and especially the method of evaluating the Fourier coefficients. 
Although primarily written for the analysis of peak profiles from hcp met&, a few minor 
modifications would make the programs applicable to fee and bee metals. 

THEORY 

Peak Broadening 

An x-ray diffractometer must consist of a source, specimen, and detector, all of 
finite size; otherwise, the diffracted x-ray intensity would be infinitesmal. As a con- 
sequence of these finite sizes, the diffraction profile is spread over a range of angles in 
the neighborhood of those given by Bragg’s law. Therefore, one of the problems of x-ray 
powder diffractometry is the appropriate measurement of line positions and line profiles. 

1 



2 E. A. METZBOWER 

The most obvious measure of the line position is the position of the peak height. 
Another possible measure of the Iine position is the centroid or center of gravity, which 
can be expressed ae 

sm=[” SI(B)dg2 I(s)ds, 

where I(s) is the distribution of scattered x-ray intensity acros.s the diffraction peak as 
a function of s = 2 sin@,/&, B is the Bragg a&e, and s2 and s1 are the upper and lower 
limits of integration, i. e. , the positions at which the peak profile merges with the 
ba&kground. 

Several meaeures of the dispersion of the line profile have been considered, and no 
one measure of this peak broadening is universally accepted. The half-width (30) is the 
angular distance between two points at which the intensity is one-half the peak value. The 
half-width is an easy qmmtlty to measure experimentally aa long as only moderate 
accuracy is required. 

The integral breadth (31) is defined as the integrated intensity of the diffraction peak 
divided by the peak height; 

KS) = I(s*) +-&)ds. 

“I 

The peak heights DCCUF at so = 2 sinso,+., where $ is the Bragg angle of the peak 
maximum. 

The most mathematically satisfying measure of dispersion is the variance f32). The 
variance is the second moment about the center of gravity and is defined as 

?(s)ds. 

The peak profile,x(s) has been expressed as a Fourier series by Bert& (33) and 
Warren and Averback (34): 

I(s) = K 
2 

c, exp I-2vrina3 (s-s&J, M n=-m 

where “a3 = L is the distance normal to the reflecting @anes of interplanar spacing 
a3 = dhkit, and n is the harmonic number. K, a slowly varying function Of S, is eqllzd ta 

K = f2 (1 + cos2 20. cosz 2B)/lsin’f? (1 * c& 2a)l, m 

where f is the average scatterfng factcxor of the materia& corrected for temperatare, and 
a is the Bragg angle of the monochromator. The complex Fourier coefficients, a meas- 
ure of peak broadening, are given by 

exp LtZninaJ (s- so)1 ds. 
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The Fourier series can be expressed in terms of real quantities as 

I(s) = K 2 iAn cos [2nna3 (s - so)1 + B, sin [2nnag (s - so)1 1 (7) 
“i-m 

Fourier Analysis 

Fourier coefficients have been shown by Warren (2) to be the product of two terms: 
one, AZ the size coefficient, is a function of particle size; and the other, A f, the dis- 
tortion coefficient, is a function of strain, i.e., 

A = As An. n ” n (8) 

The size coefficients AZ are independent of the order of reflection and can be approxi- 
mated for. small values of “a3 = L as 

A; = exp (-L/D,), (9) 

where D. contains the average size of the coherently diffracting domains D(hkil) normal to 
the reflecting planes (hkil) and the fictitious size DF(hkil) due to faulting: 

The distortion coefficient AZ is dependent on the order of the reflection and may be 
approximated for small values as 

A; = exp -277~2 

where CL =ALb, ($) 1s the mean-square strain, and 4‘) is the mean strain. 

Warren-Averbach Method 

The Warren-Averbach (35) method is applied to seperate the size coefficient As 
from the distrotion coefficient A,“. The method requires, measuring the peak profiiks 
for several orders (at least two) of the diffraction peak. The distortion coefficient An 
approximated by Eq. 11 can be substituted into the expression for the Fourier coeffittent, 
and consequently 

which can also be expressed as 

lnA”=InAz-2nZL2&) -&)‘~s;. 

(12) 

W) 
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By plotting In A, as a function of s i for different diffracting orders for different v&ues 
of L = na3 and extrapolating to S: = 0, the tiue of A: for each L is found. The slopes of 
the ln A, vs S; cwves for different values of L = “a3 are a measure of the difference be 
between the mean-square strain ($ and the square of the mean strain $3’. 

The initial slope of curves of AZ vs L is a measure of the domain size Dez since 

Warren-Averbach Method Modified for HCP Met& 

In metals with hcp crystal structures, however, it is often very difficult to measure 
the second order of diffraction from a set of (hkil)plZuIes. Nevertheless, since certain 
(hkil) planes are affected by stacking faults and other (hkil)p~anes are unaffected by 
stacking faults it is possible to use this information to separate the size and distortion 
coefficients. Assuming that the distortion coefficients can be expressed by Eq. 11, then 
by plotting for different values of L the Ln A, vs Sz (l/d Ekil) for fault-unaffected peaks, 
the slope of such a carve is the difference between the mean square strain @ and thhe 
square of the mean strain &} ‘. The intercepts of these plots are the size coefficients 
for these peaks, The distortion coefficients $ are now utilized to correct the coefficient 
A, of the fault-affected peaks for strain broadening in order to give the size coefficients 
AS, of these profiles. 

The initial slopes of curves of the size coefficients as a function of L are a measure 
of the effective domain sise. The slopes are given by 

forh-k=3t* land 4 even, aadby 

forh-k=3t+IandZ odd, andby 

forh- k= 3t and/or e = 0, where c = 2 dwa2, D is the domain size, and a and B are the 
stacking fault probability and the growth fauIt probability, respective&. 

Integral Breadth -The integral breadth P(S) can be expressed in terms of the Fourier 
coefficients c,. Since 

KS) = I(s,) 2 1” I(s) ds, 
=* 
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and 
m 

Its) = K C C, exp I-hi “a3 (s-so)13 (4) 
“=-m 

then substituting and integrating, one obtains 

p(s)= l/a, c C”. 08) 

Variance-Wilson (32) has shown that the variance W(s) is the sum of the domain size 
variance W’(S) and the strain variance WD(s); 

W(s) = WS(s) + WD(S), (19) 

%I WS(s) : - 
271’ De 

and 

WD(S, = ((E2> - ($’ ) 4. (21) 

Experimental Considerations 

Extremely accurate measurements of peak profiles are necessary to apply the snaly- 
sis of line broadening to cold-worked metals. These measurements require that the dif- 
fractometer be aligned, that the sample be prepared carefully, and that the proper choice 
of x radiation be used, 

In an investigation of titanium-alluminum binary alloys the samples were filed, fil- 
tered through a 325-mesh screen, and then placed in a holder, using as a binder a Z-W% 
solution of parlodion in amylacetate. Copper Ka x rays were used. The diffracted radi- 
ation was incident on a LiF curved crystal monochromator which, in turn, diffracted the 
radiation into a proportional counter. The signal was then fed through a pulse-height 
analyzer, and the diffracted intensity was recorded as a function of angle on paper tape. 
The automatic step scanner was set in the preset time mode. The angle was then auto- 
matically stepped by a fixed amount (usually 0.02 O in 20). 

PROGRAM ORTAILS 

In studying the line profiles of hcp metals, the first problem that must be considered 
is how to correct for the peak overlap that occurs. Figure 1 shows the diffracted inten- 
sity of_a titanium 5 wt % aluminum alloy as a function of 28, for the (IOiO), (OOOZ), 
and(lOll)peaks, and exemplifies the problem of peak overlap. Sate (36) has considered 
the problem and attempted to solve it by replacing adjacent peaks by either Cauchy or 
Gaussian distributions and subtracting the “tails” of these distributions from the peak 
being considered. 
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Fig. 1 - Diffracted intensity 88 a function of 2 8 for the p&J) , 
(0002) , and [ lO&> peaks of a titanium 5wt% aluminum alloy 

Every peak in this analysis was approximated by a Cauchy distribution of the form 

u(x) = u 
1 + a2 (x--x,# w 

where u@,) =u. x0 is the position of the peak maximum, and a .is a constant determined 
from the real peak. This two-constant Cauchy distribution gave an accurate approxima- 
tion when fitted to the peak of the intensity distribution. If the peak maxima of adjacent 
peaks were within a certain range of each other (n2s c 9, overlap was assumed to occur 
and was corrected by subtracting the tails of the adjacent Cauchy distribution from ths 
corresponding vaLue of the peak. 

The true background of the peaks was taken to be the x-ray intensity of the anaea&d 
filings far from any peak. No quantitative method was developed to bring the background 
of the peak down to the true background. 

The intensity of the line profile corrected for overlap now serves as the input ts the 
main program. These intensities (Hl in the program) are corrected for the atomic scat- 
tering factor (adjusted for temperature) of each type of atom present in the alloy. The 
atomic scattering factor is 

f = f, exp (-B sin* B/AZ), (23) 

where fR is the scattering factor of the atom at rest, and B is the Debye-Walleer temper- 
ature factor of the atom (for V&ties of B, see Ref. 31). 

The atomic scattering factor at rest has been represented analytically by Vaad and 
others. (38) and by Forsythe and Wells (39) as 
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fR = A exp (-as*) + B exp (-bs’) + C, (24) 

where s = sin e/h, and A, a, B, b, and C are five constants given in Refs. 36 and 39. 

The intensities are further corrected for the Lorentz polarization factor for radiation 
monochromatized by reflection from a curved crystal monochromator at Bragg angle a. 
This correction is 

Lp _ 1 + cosZ2a cos228 
sin’0 (1 + cosz 2a) (25) 

The values of the ordinate 2 0 TWOS are converted to equally spaced values of sine 
[K~il 

The K%-Ka2 doublet is separated, using the method of Keating (26). In order to 
utilize this technique the ordinates must be such that 

Kj = (47r/X) sinei, (2’3 

(Kj&Kj 1” = r, (27) 

where m is an integer convenient for describing the pattern and r = A r/h, the ratio of the 
wavelengths of the Ka doublet. Let x be the fraction of the Ka radiation in the a2 compo- 
nent , l-x the fraction of Ka radiation in the aI component, let F(K) be the pattern that 
would be produced if all the energy of the characterisitc radiation were in the al compo- 
nent, and let G(n) be the observed pattern; then 

where N is a constant value (2 10) . 

The position of the peak maximum (v 
paraM=. The value of s,, ISMAN is given & 

= ETMAX) is determined using a three-point 
y so = 2v0/A , and the value of 28n is given by 

Zoo = 2 arcSin (vo ISM). The center of gravity bTcc]is given by 

“cc =k h(vi) (TIN -Q’AREA, (29) 1=, 
where 

AREA=2 h(,p), 
1=, 

and N is the number of data points. 
as 

Then the center of gravity ( sea) can also be expressed 

SC0 = 2VCG/h. 
(31) 

The integral breadth ~SINTI can be evaluated by 

P(s) = 2 AREA Aq/hh(70). (32) 
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The variance (W) can be written as 

W(s) = 4 
1 

~~~~~) (vi -“cc) 
ii? I/ 

A2 AREA. (331 

The Fourier coefficients have been determined using Filon’s method (27) of evalua- 
ting trigonometric integrals. This technique was used since the ordinary methods of 
quadrature often fail at high harmonic numbers because of the rapid oscillattons of the 
trigonometric integrand. The formulas for applying Filon’s method can be obtained from 
the work of Abramowits (40). The normalized Fourier coefficients ean be expressed as 

AREA1 = HR(1). 133) 

Using the interpLanar spa&g of the reflection plane as = dhhil, the interval 2s, - 
2 e1 would have to extend over severaL tens of degrees. A much smaller interval 20; - 
28;, which still encloses the diffraction peak, can be chosen. Therefore, the true har- 

monic number n is related to an experimental harmonic number n by 

n = n’ (a+ - 281)/(28; - m;), (3% 

L = “a3 = n’ a;, (331 

where L is the distance normar to the reflecting planes (hkil)of interplanar spaetng 
% =%Kir 

Extraneous broadening due to such things as slit widths, sample size., penetration in 
the sample, or wavelength spread is usually grouped under the name “instrumental broad- 
ening. ” Instrumental broadening of the peak profile is usually corrected by determining 
the peak profile of a standard or annealed sample under conditions identtcal to those of 
the cold-worked sample. Let g(z) be the intensity function from the annealed sample, an-cl 
let h(x) be the intensity function from the cold-worked sample; then f(x-z), representing 
the broadening due to particle size only, can be found from the convolution integral 

h(x) =j- f(x-z) a(z) dz. 

Stokes (2’1) has shown that if the three functions F(X-Z) , H(x), and C(z) can be 
expressed as Fourier series over the same interval, then 

F(x-z) = H(x) iG(n). (4% 

thus 

FXG) = A, = [RR(L) GR(L) + HI(L) GI (L)l/i [oR(t)la + KiI (L)12) , (40 

FI(L) = BL = IHI(L)GR(L) + HR(L)GI(L)l/I[GR(L)~* f [CI(L)1’}, t421 
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/F(L)1 = /CL/ = /H(L)j/IG(L)I = ABAR( (43) 

The Stokes-corrected integral breadth Pst(s) $SINTI can be written as 

/3,t = l/(1 + ZALCA,), 

where AL is the increment in L ValUeS. The corrected integral breadth@) [BINS can also 
be calculated. Let h(s) [BINTI be the integral breadth of the profile h(s) and P,(s)[BINTSI that 
of g@). Wagner and Aqua (4) have shown 

P,(s) = P,(s) - [P&s)lZ/&(s). (45) 

The corrected variance W(S) [WC] is the difference between the variance W,(s) [WI of the 
broadened profile h(s) and most of the standard profile WE(s) IWSI : 

W(s) = W,(s) - W,(s). (46) 

When the Fourier coefficients AI(~) [ASAVE] and A&) [ABA% of two orders of reflections 
are known, it is possible to separate the size coefficient A; from the distortion coefficient 
At using the Warren-Averbach method. Their method indicates that 

In AI(L) = In A;(L) - 2n* Lz (47) 

and 

In $(L) = In A; (L) - 2n* L* (<2> - <o) 42, (49) 

Note that the size coefficients are independent of order. The two equations can he com- 
bined to yield the strains [FM 

($1) - (iL)z)liz = p;:)pyJ’n (49) 

The particle size value can he found by plotting the size coefficient A~[ALP] L 
extrapolating the linear part of A: for Small Values of L to the value L = 0. 

The integral breadth particle size DI [DINTPI and strain EI [FPSPI can be calculated as 

D 
I 

= 4 42 - 6 41 
P: $1 + Pi “& 

61 = PI Pz (P? - PI)/4 (I$ s;* - 62 s&) I 

(50) 

(51) 
where pl and P2 are the corrected integral breadth, and so1 and so2 are the peak maxi- 
mums of the first and second order reflection, respectively. 
also be calculated from the size coefficients AZ as 

The value of D, [DINT] can 

D, = l/(1 + 2ALc A$ (52) 
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PROGRAM SEPARATE 

If, however, two orders of reflections can not be measured, the separation of the 
size and distortion coefficients is still possible. This technique utilizes the fact that if 
h-k =3 f (t = 0, *I, f2, etc), or GO, then the Fourier coefficient which is independent of 
faulting can be expressed as 

A, = AZ exp -2%=L’ 

When th8 In [Ad vs l/d’ for different hkil reflections not affected by faulting and for 
different vaIues of L= “a3 are plotted, the slopes of these curves become a measure of 
the difference between the mean square and the mean strain squared. The distortion 
coefficients caLculated in this manner can be utilized to correct for strain broadening 
those Fourier coefficients of those reflections affected by fauIting, thus separating the 
size and distortion coefficients of fault-affected peaks. 

This program has as an input ,for each reflection the hkil value, I/& hkiL, the Fourier 
coefficients, and L: naqr for all values of L. The program computes for fault-unaffected 
peaks the natural logarithm of their Fourier coefficients and the slope of these natural 
logarithms as a function of the inverse of the square of the d spacings. From this infor- 
mation, the distortion coefficients of each peak and then the size coefffcients of fauit- 
affected peaks are calculated. 
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Control or Data Cards 

WLGTH DWLGTH 

IJK 

TWOH(1) 

DTWOH 

NPK 

(TWH(I)=l, NPK) 

NDP 

(H(I), I=l, NDP) 

NRL REPORT 7253 

Appendix A 

Program ORTAILS 

Format 

2FlO. 6 

12 

FlO. 6 

FlO. 6 

11 

F8.4 

13 

lOF7.1 

13 

WLGTH=wavelengtb and 
DWLGHTwavelength 
(AKa, - AKq) 
parameter=0 do program 

#0 go to end of 
program 

TWOH(1)=2 0, value for 
first data point 

DTWOH=AZB interval be- 
tween data points 

NPK=number of peaks 53 

TWH(I), =approx, position 
of peaks 

NDP=number of data points 
~900 

H(I)=intensity data 
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al?*““. .: ., /,_ “, _, _ .,;, ., .._ _ 
PRBORAH W?A!LS 

IOf FORMAT (12) 
109 f@RMAT tftO,b) 
103 FDRVPT (Ii) 

196 FBRMATllHlr*THE INITIAL TWO THETA VAtUE IS *,Fi0.6,' AND TUE TU@ 
ITHETA INCREnENT IS e,FlU,$//t 

tO7 FBRMAT (13> 

111 FBAMAT(SXt*THE PEAK I$ AI *,14,* WWlCH HAS TLTE TYB TbtETA VALUE *I 

ti4 FBRMAT~SXf*THC THIRD PEAK IS AT WHICH HAS A TN@ THETA VALlJE 

1 READ lDt,BJK 

READ t04ttTWM~I~,I"lrNPK~ 
PRINT I~~INPK,~IWH(~)~~~~,NPKI 

n@ 3 I'2rNDP 

LHAXl B LlnAX 
FB 4 I'lrHUP' 

CALL AXISIO.,O~,9HlNtENSIT~,9,~0,~90.,1~~~~,~,~4~F4,1~ 
CALL AXISIO,,O,,9HTWO THETA ,~PIXS~O,~~.,TWBH~~~,~,~~~F~,~~ 

g=- ',k$, ; i 
,; : " :,:l : ,'2,:.lri.:," ."VC :r.>*w :t>:!#&;&& ": &&t,< :,,,. ‘li'i'E ':~,'::~~.~~~~~:~~~~ c;. .'; !: :"'r~~..~~"~,;_:i;,',~,,.. I . :, , "g,.‘ ‘:>;,;;;.y:& 'C, .\; :“',i. :'i +T 

'i :. ."' ;-t "' ': ,..~-;.~!,,,'.'~::i -,~~‘:-. :,.,,., :‘:.,-~~~~,: ,.. 
_ 

,,. :,. y ,,. ..', 
,..,_ i;,;.' :- -,. ,.% ,,.( : '. ,. "_ G r ,,, ::,, ;,..,, c:;,;,,.y. i :,,--;',b.,-- ,.‘ :, ; ,. _ ) ,,, \y /-. ", "., 

: ,. _ .-x. .!,.' 1-1 ,_‘( ._ i ,( ,..__ j .,._ Lj,,.i':-., ,,. I va..: ,.,, ij ', ;,, ..:-!,;:I,: ,.,. ,) > ,._ :: -.A.. 
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CALL LINEIX,E1,NOP,1,.1,0,,ll 
CALL PL@TIx7,0,,.3) 
CALL PLOTtiLer 
CALL PL911~10*10,,-3~ 
tFfNPK.EQ,b> 5,6 

= TWBH~LMAYI) 
PKllkT = H(LMAXl) 

i ,,,. :* ,ii ,~, a,. : 'i$"'.g;"li. .,r:;.i;s;* ,i; 
j, ,:*, : ,,:( ;: :.;;:.j$:; ‘:::I:,,, 'i 

PRINT ~~I,LMAXI,~K~P~S,PKI~ 
tv7lNT llOrtHtl)l~~~l,~DP) ~" ..,,, :, 4q*jii""":~,: ,,,,,, _,,I,i(i .,,.. ),_ ,,,,.,.,,. 

.:eo 10 13 
I " 

b fFINehfp12uL ___, ; 
7 Wl = 

,a>.:;. ,,,.. :,i, .>P<,; ;:,:,: i ,:: ~ 
10,5*fTWHfl) + TWYfE)))/DTWOH . TWBM(I)/DTW@H 

~UI~AXfH~Nl,LMAXl) 
= TWQHILMAXI) 

PKlINT F H(LHAX11, 
---.----...------T 

PRlNT li2,LMAXlrPKlPBS;PK~tNI 

:i‘ ,:,Ji:: *>,&;$,~ ~~:~~;~~~~";.i~.~c;~~~~ 

PRINT llOa(H(!!~ti_e-- 

,-,':;iT-~~~~;.~~~~,~,ci:~5i ,' C-Y! 
';, ,;:I. :~~~~~~~~~~ii: '-"~~~~~~~.~~::,~ 

.I+0 
IN1 = Nl*l 
"Q 8 IEINIINDP 

_ a-. Jc*ra e 
H’ 

* ‘*-s“*s ,,, .’ ,: ,,,, :,, : ‘,,:,:.vi :, ,, ,.,. ~,::a 
+IJILnI‘I :,, 

,:‘,;‘:.; .’ ,;;)F,: 

.INLL 
iis2 ‘,,*,.:qq<i 

---__--__.~: :, ,,, ;,_i, ,,/ ~‘:~~~-l:-:F~~~.~~~~ii;u~~~,~~ 

CALL tlAXiHl,JNl,Lt1Ax2) 
;KgPfS = TW@HILMAXZ~K~) 

KIT Hl~lJ&Q 
PRINT h4MAX2,P~~;PK~,NT 
PRINT ~~OIIH~~~I,I~~,JNII 

,, ,,. ;T ;j-'ir?~~?,~~?~~:-:T,:,,: 

--lL.L& 
,:.:' ~~~--:,;:.,,:~,,~;,,,,;_;i~~~~~!~~ ::; 

--.- .---...-.- ii :,:,i,:, ;~;,~I:i:,l:(;hi:,r *<:lT:,.i, ,.. ', \"."X I,,~'B~~~.~~-~~-t:;,;: 

9 IFfNPK,EQ,3) 10.68 
10 Nl E (0,5*(TWHfl) l TWH(Z)))/DTWRH 

C LL MbX~H,Nl,LMAXi) 
- TWDHfl)/DTWQH 

_ 
Ph T TWOH(CMi~Xl)'~: 
PK¶INT T td(LMAXlj 

:;,,,,:<, ,?,.,> :%.,- ""L~T:.qs;lil,j 1"~ ,,., i 
PR Lbu l l 2 AUK l ~ T 

PRINT 11O,(H(I),Ir.l,~1) 

;, ,, ,' ,', ,, ;:::-:::~j:,~~~i:~~~~~~~~:~~~,~:~~~ 

N2 i fO,5*fTWH(Z)*TWH(3)))/QTW@H = TWOH(l)/QTWBH 
.,= 0 
iNi,.. Nlrl 
no 11 IP~NI,N~ ‘~. 

: -,...,,, jxI_, ,. 
., :’ .‘,,. :.-,?~!.*~~~,h,i~~~~~~~~~.~~~~;~, 

IrnJ,l 
_ ,, i ...,., .,_ “,., 

11 HI(J) = HII) - 

:,, ,,: ;, : .‘;;- iie:ii::lri:* *3p~~q~;~; =: : : :;i l-.8.~~~,~~~~~~~,~~~,~~~, 

JNlc J 
CAb H X(Hl.J&,LH X21 
PK~PPS'K,TWBH(LNAX~CN~~ 
PK2INT C HIILMAXZ) 

i '; ,:,::, '~.~,::~~~~;~~~~..~~~~,~~~~?~~~~~~,~~ 
"' .,y yl;;i,::,-- “'i,i~.::"i-:':-:'.b:: 

RINT U33BPK2pNS. 
,,,.. ~i_j,, :,',T. :::,',:\::;!:-!:,;.,~,; i: 

- 
', ',i,( :.,.:>.\a,. ,,: ,,.~:,~"'"-:_--i'-:l:,i,: 

PRINT llO~(H1(1~,1=1,~~~1 
- ;,,"'Z,, _ 

IN2 P N2*1 
JJ 0 

M3eNDP 
ne 12 fIIN2,NQP 

,i li ')'I, :, :ii >:‘ ::::; i-,:~~~~~~~~~~~~~~~~~~~~~~~ : ,,,,,,: i ,, ,, 'i '-I::>,* 1.7 ,: ""~~,~;",~~$~i~p~~i,,,l:~~~~~~~,,: 
x * 

,.,, _ ,:-~~:,~w~~--;;.;;,; :: 

12 V2;J;:'H" 
3 

/ 
CALL MAX(H2,JNZ,LMAX3) 
pK3POS = TWOHILMAX3rN2) 

PRINT 110,~H~I~,l:l,N~~) 
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lb XQl = PKtPOS 

i’ _I,~~~~.:,:iFrc:_“: i ‘q’, .,?T,‘i,:? iLli. I* ,#iJ ri:::*“. ‘?!.TS :i ..->$,., ,“y{Y,?&##j‘,+,);r :*“- *g,. .) ,,f 
:~~~~j~~~~~ls~~~a~~~~~~~~~~~~~~~~~:~,~~: :& ;$$ .;~ii:.Vi: i :~~l, lr~~!:;~~~~~(~~~.~~~~~~~~~~~~~~~~~~~~~~~~~~~~,~~,~~~~~~~~~~~~~~~~~~~..~j~,.. .I.~~~r, &&+ 3, ,<il~i,.,~~.;_~r “:.~:‘,*‘,p, ,- ,y s,;,..:.rxx;;l-ri~.l)r ,-‘<E, :i‘rY-ifi. --.,~;i.i.r;,-.-\~.~,l ,.:A yli ‘v+ >,b I ) ‘t‘?*,“p-,y Y)~* :*,-: . . . . 1”. :,. 

PKIP%‘Sl D TW5HtLMAXI’NXN) 
!lIFl I IPKIPOS:.PKiPBSI**E 

XNEWl 0 AX1 l (I-i l*DtWBH 
11 HCltlk ? A%lPI/(I,~EBI*(XNfWt=X5~~~~2~ 

,L, ,.-:‘i’.~‘,,L,: Ii.1 ,,,, r:;-.a, ,.:: ,. ,.,_ ,“. .i,/ ., 

A%1 m A%@1 * 3,1415V 

3;,; ‘,: :.<,&jr i::mdm”.r.,, s..i, ,,_ ‘4iil i. .,:, T,, :,:,<., .‘“,~:i “:~:.? jp;<* 

A52PI = PK’ZINT 

A53Pl * PKSlNT 
A%3 P A83P; * 3.14159 

,, 
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~iB3 a ~l,/DlF3~*~PK3INT/PK31NTl * I,) 

G5 T8 39 
24 C%HPl = PK2POS s PKlP5S 

!F(I,LT.Nll 26,33 

28 C5NTINUE 

-- .- . 
I75 31 KJnk,Nl 

32 CDNTINUE 
33 C%NTINUE 

!F((?W%H(Nl*LMAX2)-TW5~~~MAXl~~,GT,5.) SO 1% 38 
35 lJ~~~&'~lrl.LHA~Xl 

- DD 36 KJal,JNI 

39 C5MPl = PK2P5S . PKlP@S ,_ _~ 
iiMP s PKJPBS - PK2P5S 

IFlI,LT,Nl) 4ir48 
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42 EONTiNS 

47 C%NTlNUE 

EAtt FRPLBTZIR,N~,THA&.! 
1F((TYQH(NlcLMIXZ)-TWOHILNhXl))rGT15,) a@ 18 62 

52 CBNTiNUE 
93 CBNTINUE 

$0 18 57 

64 IJ~251’M2tf~tNf*LHAx2) 

65 cEINTINUE 
66 C@NTlhlJE 
67 VWT I WE 
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,PH*t~TWO~(N2*I) ,, .,: “Y” ;, ~,,, ,,.:’ ‘_,:I: :i~~~~:,;;,:~:“,,;‘,?r:~~~~:: 

PRINT liOtfH2(1),(rl;jN21 
;, ,, PAL, FRPlQ22t~l, ,, " ,: : ,~ :, .;,,,. :jili:, ;,,-,..~~~~~~‘.:,"~~;dr-;r* s,,. 

CALL PLBTSfO,O) 
CALL PL8Tt.10.,0,,-3) 

69 Ii% TO 1 
70 PRINT 115 
71 CALL STBPPLOT 

.:, ,,.,. :~~i:,.i::,,:;~,_ ,,(_., i~,~,“~,ii~:~,,;~/I;:;~i:li, 
SUBABUTlNf SELECTfA,N,L,NX> 
@lHENSION PIN) 

~2 4 AlL*NX) 
QAV B O~~S.U*Q~~ 

';' T 
"Y:“> ~~;,c-:s~~~~ryi~,~r~~,~~~i 
,: .-,,: z:*>, ~; ,"i;..~? ,, ,,_ii ..,,, ,, !ilr;:. ,,, ,, ,;ti,;ri:i,; . ...,, >::a 

,, : ,.di:iit, 22:,s,,*<,*m\ :,~, I!3*&il:g@;,: 

“T A01 L I,1101 
-1 A112 . $.I?02 ii 

no1 . 0:9*oi _ 
RP2 o 0,9*Q2 flu:& ,:,-:: ,,,$,2 .,..: ,,,. _ij, ( 
lF(QAV,GT,AQl~ 612 

,,::,,,'"~,:‘"-i;sii:::~~~~~,~~~~~~,~~~~,~ : ..x Y ,.i!y.i"_.T. ,,: ), 
2 lFfQA'(LLPLcu __ 

i,:;:;~,:~~~~~;~~~~~~i~r::i;,~~~".lii-:- 8;; ,.,,,'., i ,, .!,, 
3 IF(OAV,LT,EPl) 5,4 
4 IFfQAV,LT,BQZ) 5,6 

5%&XxhK_ii__________. 
IFILcNX,QT,N) '7,6& 

I_ ,,::,; *vi;:: ;,;,;:i:,: :j .~~~"~"~~~~~~~~~~~~~~i," & p-' **$I: ,:;&i;~i ..,A+ ,.,/**, 
6 lFfLnLX,LE,l) 7~<1 

,, j:.:_ ,,-,,,,f - ~: :-~Y?u?,,;5:~~~a!ii;,,,,,;,~~,~:.~~~,~, ,,_ ,i,i ~.~.~,_;,,~~,i~‘,::.~~~:,~!~.~~~~~~~~~ 
T&&PO ,, ,:: ,,' ', : ,, :i,,i-.>"lii' ,,. ,, / ,,,, ',:i":":,~~~~~~~~~~~~~:~,-~'~~,~~,~~:~~,~~~~.,j~~ ,.&. ~;i;r,y*2;G 

6 RETUWh 
END 

SUBR%UTINE PRPLBTZ(XX,NCP,THAL) 
DIMENSIBN XX~N~P~,E~~~O~O),F~~~OOO~ 
liIHENSI@N TWtIHflOOOr 

~~~FGRM~ATlF4,0,3lS,~F0,S) \:,,s, 
101 F%RMATt3f6,2rF9;9) g : j: " :,:-'~~,~~~,~~:~~~":i::,~~~~:": /lh . . . .._. a,,, 

-.LmLmm(lmu 
. 

- :, : _ -'%:?~~~:~~,~~~~~~,4~, .::, 
WAVE . 1.54050 
VAVEZ = 1.54434 
TW@HaTblAL 
DG 1 I~PINDP 

-___ i ,,,,' " '_ ,, ,/ ', :,,.:i:;.~~;i;~~,~,~~~~~~~~~~~~,.,~~~: .,,, ,iii > *a&*ui;~,.< .rii~wr;;&,*> 
1 TYQHII~~TW%H(I.~),*~,~O~ ,,:',"i """~~.~~:,:9~~~~~~~~~~~: 

u,.L ), X,XXtNDP, L,,Ay) 'i i, ,: : ',,.',,,i':':i: '?:i" ,;..:':~:~~,"r,:,,-.i.,:,,~~":~~~~~~~,,~~ c '; :\ i*:,:;,%&,:u:d ;,;I' ~%in~i~~;;j 

THAM~TWBHILMAX) 
;;~H~TWOHlNDP~ 

NCP-i. ,;, JN=l,MAY.l ,, 

JBBCBAX 
&PELHAXII 
PRINT loo rVM,JN,JI,JP,WAVEZ 
PRINT 101 ,THAL,THAH,TUAH,WAVE 

~-E!3l&!LLrGLlXx(!~.~ p"NCk 100 iYH‘JN,~8;:JP:;WA"E~- i,, ,,,', ,> ,,,, :li$: : ,'i, '-:,'i,~,,.ii'r,l~~~LI~:~~~ "'," ';;':"":':r::::,~.~~:_~',~~~~~.~~~-.i: 
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Appendix B 

Program XRAY40 

Control or Data Cards 

WLGTH, DWLGTH 

NA 

(SK(J) J=l, NA) 

(SA(J), SB(J), SD(J), 
SE(J), SH(J), J=l, NA) 

LJK 

IH,IK, II, IL, Spec, Camp, 

NFC, VIK 

NRAC 

NACW 

Format 

2FlO. 6 

12 

F5.2 

F7.3,F6.3 
F7.3, F6.2 
F7.3,F4.2 

12 

412,3A6 

12, FlO. 5 

11 

I1 

WLGTH=wavelengthand 
DWLGTH=,vavelength 
difference (XKa2 -XI+) 

NA=number of atomic 
species in alloy 

SK(J)=atomic percent of 
each atomic species in alloy 

SA, SB, SC, SD, SE,are con- 
stants in equation,, for atomic 
atomic scattering factor, 
SH-Const for temperatured 
dependence of atomic scat- 
tering factor 

IJK-parameter -1 do 
program 

=l- go to end 
of the program 

(I.~IIKIIIL)=HKIL Spec, 
Comp, State characterize 
the sample 

NFC=number of Fourier 
coefficients wanted<100 
VIK=interval lo Al between 
Fourier coefficients 

NRAC=O no K a2 correction 
=l do K a2 correction 

NACW=l annealed peak only, 
=2 this peak annealed, 

cold work peak to follow 
3 this peak cold work 

follows annealed peak, use 
previously calculated 
GR(L) and GI(L) 

4 this peak cold 
worked, read GR(L) and 
GR(L) values 

21 
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NSTR 

ALPHA1 F10.6 

TWOH(1) FM. 6 

(HI@), I=l, NDP) 

(GR@.d, WJ, L=2, 
NFCl) 

E. A. METZBOWER 

11 NSTR=O no strain calculation 
=f do strain calculation 

using this peak and following 
=2 do strain calculation 

using this peak and preceding 

ALPHA l=monochromator angle 

TWOH(l)=Zq, value of first 
data point 

FlO. 6 DTWOH= A2 a, interval between 
data points 

13 NDP=number of data points 
5900 

10F6.0 Hl(I)=intensity data 

6FlO. 6 IF NACW =4, NFC values of 
GR(L) and GI(L) uollow the 
intensity data. The interval 
between data points AL must 
be equal to VIK. 
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PRWRAM KRAY40 
e ANALVsI8.@F tide BR’IADBNINO @F 

.---. 
ldS;BN TK&fOhO, :RTIfPOd 

IME &UN SAfP9) SELf99hfiC@9 

1H2(90#) N3fPCC,.“RfiCl,.Nff~~~ 
~-.cmEd 

OIMSNIIBN EALQIlOil,ORA(~d~~ 
_ ,., ,j 

nl~Ei~&le~ A~RHA lOl,;86t~ lO~~,~~t4f4~#W 
._~ QINENLI~IkR TS L9-~_),,BT61~LW(PbO)i~cP~~~ _F:-_-.L “‘,, 6 5 : --: ‘, -, ‘Ii ” 

DIt4ENSISN Xf9OC~,Af9CC~,XXf~C~~,VYflCl~,ZZf~C~l,AL~’f~6~~;~~SfiC~~ 
n1MFNSfQN Ei*fqbb~k ~. ..~.,._ .._._ -, . 

JLL!fFmi+ 
DIHRNKI@N tlTLPNf~~~T~T~BNf3l~TITLRR~7~ 
DlMENtlON ~TITLITf3) ‘T;TL6Lf~O~,TIT~1113) 

6ITNW9Z4k..h?ruLcl.NTR 
~.,$: ~,; 

---_ b!u+alr., ,_ :,,, ‘:‘,’ ,’ ,,,::,, : ‘,&&p; ‘>.” ‘L :: ,.,,;:~“;,gg?; 

PATAfTtTLClf~JribH ALP V@RSJS SAL t 
DATAflfTLC2il l124H EPSILSN VERSUS SAL ) 

~.. A3ALuI.uLLLLL 
PATA1T1TLR~,l)-~~~:~~) ‘“:RWll BA’i:,,. ‘t 

> v RSIlL_BdL 1 

,tMTAfTfTLIRl~l r!J6H ‘FINhL’I(AtiPNA INTBNlITlS~ ??‘::rou?Cr.,ti~~~~~i~~,;:: 
_-I.---.___-~.--.-_-__- ::: :,,,,:,‘,,:,,‘:~‘~~~~;?.? ,,1 ,?;* ,,” I:, 

to,” - 100 FWlHAT IPR 

---SkfY- 
103 rw 

->*b~u 
109 F@RMAT f’ 
106 FERMAT I, 

I 

?HAT lFi,l) 
,: a. .,: ,,; 

MAT IPV~liC6~liP7,S~F4~2;F7~~~F6~~) . ..“A “‘) ~_ ----,---.-~-~ 
k02,3~6) 
LWIIZSHANALV~~S 6I‘ REFLECTl@N 1412,3A6//1) 

__- &-mauAia 
$00 F8RHAT II0 
109 FRRNAttPi@ 

-..Alkt&a@& __I __-.., ~~~ ,_ ,, ,~ ...j~,.:jlr_;_, ,,,Il~,.,j ,_i. ,,.~,, 
111 F@RNAT 1/#/3lY THE SR~OINAL DATA PIINTS ARC // t 
112 FSRMAT flDW TW@Hfl)  + FS,S,2X113H AND DTWW I b61S,2Y~mi AND NDP 

.-_-.__4-1‘. ' 1' 

161 & i:~~~~~~~~~~~?~~~~iE,.: li,.. )ti *ib‘” r9 

113 tRRNAr tISF6iO) 
114 FeRNAT lllF0 $1 

wu;rs.. 
): 

116 &kMA~T l/I/J4H THE FINAL INTSNSITV VALUBE~ARC 
117 FORMAT l/#loH NET IS 

_~ 114 CpY”.,.‘,, ,15///j 

ii9 FSRNATfCIS,IJ 
$20 F@RNAT l~UliW+WliiRN ,W P@AK Wl~,!J,N~ :I??+$ (ii, CJ; ;$$;~&&~~~,~ ,i:g, 

-~.. ~~.lzi~..EeRk!Au ~SRk.J~~aieerK~X 1 Il.54 rl h “,“’ 
122 PBRHAT ISSH PBSITION,BF PEAK MAXfMUN; 
125 FaRMAT l;ON S 

SMAX 4 rlO.YYl/,J 

-- __LZb?QllHAt I mw Pm 
126 reRnXT ~2EY~c2 
126 FeRNAT f2VH ,OR 

-- IO9 FR!RmA~,JILLLba 
128 F@RHbT t2ON IN 
$29 C@RMAt (12N VARIANCE Ed 615,8///) 

--m,.~-$S‘U~~A 8 d ~,&6,,, , 
131 WINAT 1 1911 ‘PSAK NAXIUUM ‘v” .t;l 

.- . .Zr@RNAT I .SSH dENTfiR :@I?. ORA 1 

136 tW?M~TfOF~O,6) 
$37 r@RNAt fF~fJ.61 

.~ ~..~M!lrn MAT 1lld~~GR mF Q 
l*es’eRNAT f/?/loY’ SHSAL;rSX~,sHHnf,L,;r@X~:~ 

~NPB6RILJr~~x,IWAS~i~L~ //I 
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-- -%u!mf4tia 141ir%rykT l,F~~~~~~~ 
5HP11~~~l~X~~~~R~t~rl~X,§HFll~~.l~X,7~~B~RlL~ 

-;ir 
t 

““,‘i 
142 r@Rnri- iFW.P,?F 
143 rmtrT fnz2;9;clr, : , 

*p F@R”*y *, n STaKa 5B aa 1 fro ,#- B srarH: ~~~~~~~~~~~~~~~~~ 141 rW+x$ t2@Hi$RR”CTS9 ,Y&RlkNfh “; :!a i:j;~~B;,W 
( 

146 rDR#bT fS?X CBRRBCTED l~T&6R&1. BREADTH, t&C k-Ft@,S/crl 
I*? FSRMlT t%Ki,s4W STRktN Dl$TW?Htt+k?lW-4 F@+F(~F!fAK$' ,419,& AND 

REAP 1551WL5TM,DWCPTY 
RE&D ,iOl,%k 

_ ~~~~.--.EE&aBcthKc~ 
RE4D ,t@J,t~rllJtr58tJtr~DfJ)rBDIJ)ilhtJtI~tJt~J41;h)ll ,~’ 

,$ll:s 0, : 7 - 

----*::+ 

<~,,.q&ii;:‘; ( -; ::t:,:;:;,.: :r”Tf&w;,“; 

l 

BDl * 0; 
-..--.- R  P, 

SCl.8 SC1 6 sYll~*scf1~ 
_~.-~-~ - _ _ 

,,i 8l.l~ ;I ‘wfl ‘L ~SKISh6RfI) ,‘,,,~ ’ 
mm .__- 

REAP ,154,9JK 
!FtkJf;Wr;%tK@% T 
READ 6‘0 ,t *II. c.g%UP,ST&Q 

Bt&OlURiSTlttt ?i_~ 
,,.,, .c ,& : ,‘;, ,~ :,,:. :: -;& 

,’ ‘~ : i:,::q; ~ ~,,~~~~~~~‘,,“:;::~~~~ ‘,,,&.,, ‘,, ? “~,‘~~~~~&~*~ 
.., 

j ‘;~ :,:I’: ,. I :,. .,q”;< !,,, j,“;E” 
READ ,&;P,PTYW 

.~ “~‘~ _ ,~ :,~~ 

au0 1 be!BfM 
PRIM+ 121 

‘/, i’:~,: ,,*$h:‘,,,; ‘T: 
--- 

- -.msau! DB 4 f*ZrllDR YII) 1s X l@&) ,1 ~D@ f%if -L- wfi I T W % W llk 
n5 . ,Df WFM I NW c 1. 
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ceRl?RQleU FOR PfiLLdBLEan@N AND .k@Xt@~LbG1_8~@N"f lRSI@hL : 
c ~F'~TWBM.SCALE 16 ETA i SlNfTWW2l SU'A&R' 

RADIAN :" i,141lV/i80, 
.mguLecIL.dla ,' 

no ,5 l*zpNOP 
5 Twt3Hlll ~tW@WIIa1l , DTWDH 

- 
CSRRGCTI~BB FOR 4TBMlC SCATTERING FACTGRS, 

:c 
c am 
& l*(SA~*EXPP.SBlU 
s r iS~N(l?WOH(NQPl*S 
AH, ~sBl*s ', 
AL :. iAM/IL)**P 
08 6 @,YOP 
2 ~, i.r.1 - 

6 Ul(JI m  HOIJ!*(;L.Z.~~~P~L)/INDP.~I~ 
DG 7 l@i,UDP 
Y 1 f ~~*&AxKE&~L~uLw%H~~~ 

.l (L,*rKFlOTrcCeScTWeHli~*RAD~~N~~*~2'~ 
'7 STltIl ~a ~SINITWGH~~~*RIO!IN/~~~ 

v-01 asI tLlL ~~.__. - 

i RACHINGER CBARECTION BF KALPHA INtSNSIT16S,BACK5ROUND CBRRSCTLDN 
---,.,a~--.- mlLc~.~ru4&L~~~~IA~I%E~-- 

ETZl.%~~6TY~l~ 
fT2ENOP)KIT~fNDP) 
UP'ClrCIDC 
NOPMi,NDP.l- 

-____-~--. ~-,- 

.~--..I ..~ I~- 

RLQNA~~~,lfARL**QUlRl 
m6CUseU-(!.  h .:,.d~, dI::L: ,.,,., 4:.,, 
BB 9 1n2taoo 
ET6fl~~ETdll.S~'RLQHIR 

;,‘&a .i Lh.-. 
A0 ;;E;;";;l 

12 CTzf,t) I +TIl.i> 
rrrr&.p, :, crw, 
NET4 a NDlt 
NOPMl v NBP.1 

~..--QeH&LNImL 



26 E. A. METZBOWER 

SW 

I 
, lHTERP (fTI,ETl,HI,M3rN~PiN~T&J 
‘2’? tY2~ffBTIJ~H2(~JJ1(FT2l~ETAJ”ET2~iJJ 
1% :a 43!IS 

PRlNI 143#BT2~lJrDlTl 

,” c&@&aJsN 51 ,PMK lt&x@.uH (3 P@WT +?&&mLAA 

&X=1 .J@~~#‘J+J 
S*Y b&B&x* ) ‘. ‘~ ,, 

FTIMX -s’ET2~NM~Xe4J+DBTI*PNUI4/PDK~~~,~ 
PNWP ~,*W~JNM*XJP~~~H~~NNSX~~~=~~JN~~X~~J 

c 2.WiJtd S H iNMY J - 
ET&W :r’C6%CNNb~+Jt :+ ‘jt~II*PNU/i’D%+~%, 

:~ ,, 
.cHrm*r d%NuA% 
rSNf!NNbX, 1,: +JtjtH~ 

-- 
ETIH 4 272WHAX~21 .e DCT&VPD*~i2 
ETUAX ~8 lLTIt4AX l ,&TAM& ,. kThNt/3, 

NET44NfT.Y 
?RlNT it6 

-LiFmuw+L J 
CRI:NT WiNi 

:, ::,:,, 1, ,y:L:.:,,~ ,;, 

, 

ST4iaiiTj :i%rert DfW :I ~$@4JNaTJ %~:%74(1- ....-- 1. 
&ElS J‘araJ&&s 

: ,,-, ‘k?!, ;, 

SrF$N!Silt~ ,_,,. ,, 
~/ ~-.I_ -.-A 

88 20 h%tN%T 
hT.l@ 

CALL LXISli ~i,l,r5,.~rqjr5,‘lLI,YnlNi,cDirlHC61J1 
GILL CXD2J5~,a,‘TltCCR~tJ,~6,~5,~?5~,1.~~~~~~,~4~~2~2J 

-- 
w 
ci i,+at I ‘,: ,,,, tiI:urrrauKT,C.,,si 

.-~ _.__ .~, _ ,., _ 
&ND VbRJINff~ IN !I V-ZWtTWU/2J~Yt@TH 

I2lNtETYjiXJIRIOIIN 
‘YLBIY 
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29 A&, AH ., .Y! L&efbTuJ ,‘I’; : a,, .* ,‘~, ., :.*c :, :: 

IEA L ETHAX ETCG , AH$AF 
SCQ I ETCP*Z,/WLQTH 
1BZ;LhwFT 
ETA111 :. eT3f;) . BTcG, 

1 
- . . - . 

22 VAR ,I VbR 
--A ,wLm 

w - VAR/AREA~2,/YLOiH*2 /wLo;n 
DELTAS I lSTAlNETJ.f!TAfi>J*2,/WLOTN 

PRJNT 1231STCQ 
PRINT l26+SCG 

~~.~ ~~~~~~ .., .MTmA2J&&& 
PRINT 129rElNT 
PUNT 419CK .‘~ ~~~ 
PRlNT 1309DELTAB 
PRlNT W$DPH 

-----%wf- Ill~lKrllrlL,QH! 

-c” EALCULATJSN .rF FOURIBR, QB@WICJONTl  +V rue,‘TRiP$yO,M8EiRiia,;l~talrC::, 
E.-..tflCHN~,,E B, 9lLON .) i ,,,,, >,’ : i. -<@s?&.,:~ ;.,‘.,::;*;: 

e 
VIKa21 
ET&?fN6I iY2 
N6TrQ,NBTi 
NFClrNPD*E 
MNPC~ri i  
tFiNRAC,iC,Ot OS TB 25 
~13 24 ;I+INET 

24 FTAll) I I!) 
II ETANET9TA~~N2TJ 

CTASoRT4tS) 
P-w, 
TPlU2.tiPI 
DO ?b’Lii,NFCi 

.-----Z6Yu 
ALPHAtiJrO, 
BET6(~)10r66666666666666 

S2TA(L)~t2,/TY~TA~;2~*~~,~~~SF~T~ETAJ*~2.~JNF~2,.~HETA)/THSTA) 
ETA I 1 ~SlNPlT ETA~/TH2TA.CQSFfTHfiTa,J 

~R~x~~~bLIL)*tCli8 ik3Ti$Ul&@tH 
Y ~.TPl,~..~~ __.~... 
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-‘;,:, ~,I ,:, ,,. >, ~, 
T&l,**-- 

AROBDD~B~bfLtrTCI+C;*E~~~~&ll/ l  
LUnZNC~8UN2NUl~(fJ*O~$~~&~~EV~l 

ALOTY ____- 

LLm 

I IR/ET1NBT ’ 
~‘&H,F~l . rCWIAROX2N)Jc 
,,r”.¶.,slr~.““. i, . -ir“re.,.~rr 

UWDWRKED PEAK’T8 C&&W4 
08 T8 34 

,,,,. ,:, :,:~, ::, “~~ 
g;$;;:;:.~ .~~:~~~~~~~~~~,,;i;:::: :;, ‘, ; ~ :, : 

,35 OBARiL~J TV MARttJ 
BINTS ~C 8ONT 

NF is :MFOi.NPEL 
FF ME :NF 

” i,, ,‘. ,:.;‘.,, ..-,:: ,,,; -:;, ;,, ,,;+:..: . ,. ,:&y’ 
,3b BALOLLJ ~9 vo*oc 

CALL JNT~~P~BALP,BAL,EBAI~~~R,~F~~~N?~~J 

$Msa$ pi’:, :, 
,,-P?L.lf;;r,~.~?~~~~-,i~,: , Y,,,’ ,‘,+:,: <N ,,, I ,,,,., (_ ,i*“;, E,. ,,-, _, ,, ,‘: :, i ,, .i( ,:: ;; ,, ., ,, _ ~,,, ,, ,,I,,~;~ :/ ,..:,(I.*_ ~,,:, ,,.. .,., /, y,,,+ ;,,“., ,, ” ,, ,:,! “.‘. ;;;.I;i:,y,, ‘1 i, ,I 

,~_, 
,<,!;:~ 

;.,;::;.; 
,I,, ~<.; ,! 

._- 
RrilN? iJ9 _~ _,~~ 
l l@ 39 a#p.C; 
ABAI)U.f‘ a ,@&f 
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6TBKfiS C'MRECTIBN Cz 

4% IT~NACW,EP,JI 
DD,UY 141 
,,.. I,. -I- 

:; 

V-ftNFCi) ,‘ 0, 
GG'TB 999 
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&ICC ;flOPBW I ,.. 
k[;;:,, ,~I :,,, :,,:y: .“” ;~ : ., ‘L ? 

I :~,i, ,::; 
(, ,,I,?’ I* 

~’ : __---, ,: ., .‘,, 1::. : f Q,.,“# i *; -(,‘“A~~, ;r: ;:, 

?I, ;;,;;o,: : 
IUI88?gv4(l .#IxtL;w&I 

,,, ,,, : 

c’ 

my,,i” & L&yjf & i*., e_r ‘,: < i: ~,: ?X ‘:,; I ,, ,, “‘: +: ^ - 

DINtiNOIQN A(N) 
La1 

~&N&IA :I) ;&I$) ,., ., 
+p :r. boo& 

&&)&$&&~~lcacie: i., 
,’ ,,~h L,,;,* _ : ,fi.., ,;+ -- 

6NkCLA :I. lllf 
LDi 
cc+- 
REf,W ~. .,,, ,, 

:; ., 
,,, 

+:;:; ~,,’ : mP: : ::.;; ,,,, -,..,:,,.‘,; ,~ “, ,., 
‘, ” ‘,,,:,,,s;;, 

A- 

c 
DlNRNSION XAt#A),yAtNA),X8tNBt,YBINBI 
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___~~.~~ 
%U%R%UTLNI  ~RANC%R~%~FIN;M) 

.m_:i~~.mAWIkUR dsRR5CTl%N WZlSMLtIMdl~Bl%iL-.- ,,rirj* i:::w ,, ,! /, 
C  

DlHENSI@N QlNlrFfN) 
-~ .8~.LY~-- --- --.I_ 

XNYN 
,., ‘, i,,, .‘, :,y, ,~. 

SL%P%~~%IB~oOll~~/~XN*~,~ ,;; ,; ::y + 2; 

_~.~_._~,~~_--~~~-.-.-~~-..~~-~-~-~-~.-- 
<:, ,, i,u ,pi@+;, ,~ .~, 

D% 1 Iri,N 
XlYI 

1 Glf) O(1 )* 
De SLY 

OSALEFOSL GPErfXi.1.~ 
~,‘~ 

r(J) ;a %t’ ) 
L 

,. .,;; i. ,: .;:,: ,, 
0 -__-- f&Lmi _ ---~~_-~~ ..~_ La.:,Lr:,~~~ :,,:; ,,,-:,I ,/I# ,’ 1, 

JNH 4 J-lrM 
fF(JNld,liT~i# GQ TO 3 

- .~..~~~ ._ LLlJLLrxNlALuwK~CLL~~___ -.- 
3 C9NTlM& 

), ,~. ,, ,, ,: 

:3 CONTlNUE _~, ,. .,‘:~Ili; ,:_ ~;: ,. ,,. $>>,,;: 
---.---~-~~-----------.. __---I-- 

‘~:>;!;’ ‘.j~’ ~~~il i j~~~~~~~~~l~~ ;,> yf;~‘y 

~____~ 
1UlRWTlNl IPNTURC~Xl,XA,VI,XA,NB~N~J 

.C 
C 
c 

DIMENSIBN XAfN 
__-- VIfNAI I V%(NB 

ai--.- - --. 
NE I1 ‘. NE . . .l ,i:’ ,:,‘. >.,:J+ ,,,,, ‘;&?,:;; 

--A.-----.- 
,,c, ,.$ ::, *:,:,l.~,,~:b’“_“‘, ,ii ,I’, h,. ;, . ,~~~:~~~~~.~.~~~~~~ 

_ .._. _ .~. ANull 
AMULTYXBIKlIXAIl~ 

2 
i ,JYt,UA 

De ,f 
r?tJ 

~LcrN! -__ 

i 4YNBBO,NB- 
WtI&,,~Ti;E~JJ ~0% :.T%,‘%  

- ____- 
1 YiZ m  fY%IK~I~*~X%(K~.@TJ~~~%~K~‘~XB~K~~~~UTJ~~~~X%~~K~~X%~K~~~J 

V23.* IV%lK~*lX%~K*~~.~TJ~~Y%fK*l~*l~BfK~~%TJ~~/~X%~~K*~J~X%fK~~ . ..a ,. 

.3 NBUO :I 
R@TURN ,: 

3”’ 
,$‘;,,; ;*.+@ $ 

- ,, ‘:,,. ~~~~~,:~~~~~~ 
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DB :z trk,ll 
JeJ+i’ 

,., “:,‘~~~;“~~.~:~~~~,(i:,~,~. ,,,,: ,,:,_ ,,i I__, -& ~ &$~,.~;;‘;+~~~ ~::vz:?~- .;a,,. .,,.?.,Sp?>,V~~,, 

-3 El~~t4lNm!?77?778 
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:: 
i I 
II2 

4 
IF, .’ 
PIJI 
PUNilY 100 
l S 

EPStNrCil F o! 
ILFTURN 
END 



Control or Data Cards 

MFC 

IHl, IKl, IIl, IL1 412 

AA1 

(BALOL Al m 
I-1, NFC) 

Appendix C 

Program SEPARATE 

I2 NFC=number of Fourier 
coefficients 

IHILIIIL=@KIL) MiHer- 
Bravais indices of Peak 

FlCI. 5 

F12.2, F15.4 

AA1 = l/d;,i, 

BAL= nq 
AL=Fourier coefficient 

34 
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DIHENSIBN SH~lCl 
DlMENs1@N STAl(ICI~,STR2(1C1~,DSTRl(lCl~, 
DIMENSI@N STR~3c~,AYK(101),.3YK(lnl) 
DIYENSI8N APAH(lC1~,RMSSTR(IC1~ 
DIHEtIslBN STRAINl1Ol~.pARSIZf1Cl) 
DlMENSlOk! xK(lC1~,YK(lCl) 
DIMENSION AVSL~(lCl),ABAL~1C1),5A~(l .Cl) 
DIMENSION ABUFFER(254) 
DIHENSI8N SLOPE:lOl) 

99 FBRHAT(l2) 
100 FORMAlf412l 
101 FBRHAT(Flc,S) 
102 FBRHAl(F12.2;FI5.4) 
103 f@RMAT(IWC,SX,* THE HK!L VALUES A?E *.412//l 
104 FBPMAT(5Y;* Ti4E VALUE I"F ~,/OIW~ILI S&AREn'IS r:F10.5//) 
105 F@RMAT(5x,* Ti:E VALUES BF ABAR ARE *//,(lCF7,4)) 
106 FWUNAT(5Y.r TI-E VALUES BF TdE N4TJQAL L(~G mF APAR ARE .I,, 

l(lX,lCF9.5)) 
1071;8;M;;;IH1.2X8* RAL *.4X,* STRAIN *,6X.* SLBPE *:7X;* PARTiGl.5 

1CR F~R~AT(lX.F6,lr3x~FlC~~~3X~F~2,S,~~~FIC,6~ 
109 FORMAT(//.4X,*L*,4Y,*~AL*,3~bX,.SLmPE1,6X,~D~~ Slz~.)//) 
110 F~RMATl//.3X,12,2X,F5.~,3(2X,E:5,7,2X,~6,1~) 
Ill FBRMATlSX.* THE VALUE AF #C# IS r.F10,6,,) 
ii2 FBRNAT(//;~x.* on1 : *IFICB~B* 002 = *,F1.0,.61* Dn3 = *.F1016,* 

1 = l ,Flc,6.* UD5 = l ,Fic.b#* DO6 = *,Flc.t,a Dn7 s *,Flc,6//) 
113 F@QMAT(IqC,2X,* THE DISTDRTION CflEFFICIENTS ARF *//,fIcF7,4)) 
114 FBAMAT(/ILx,* THE PARTICLE SIZE CBFFFICIENTs ARE 

CALL PL0Ts(A8UFFFH,254,18) 
*/,flOF7,4l) 

WUTa.1 
READ 99,IJK 

90 READ 99,bFC 
NBUTENRUTI~ 
NFCsNFCtl 
REA" ,C".rU,.IU,.l,l.TIr _ ___.., ~_.. -...-..-- 
READ ICI,AAI 
READ ICZ,~RAL~I),A~~!),III,~FC~ 
PRINT tn., IHirIKl,llI,ILl 
PRih i;i:AAj 
PRlNT ln5.lA1(1~~I=l,NFC) 
READ r;;.;tiS:lKj:i' - --" ,... -.. ,-.. 
RiiD 1CIjAA2 

!2,IL2 

READ 102.~RAL~I~,A2~!~,I.I,NFC~ 

SIZ 

004 
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READ iOQ;IH5,IK5;II5rltS 
READ 101 AA5 

READ iOltAk6, 
_..>, ,,,., II., ,~_ 

,, 

CAtL LINE(BBIL,APJ,NPC rir=t,D,,U$ 

D @  2 IciiNFC 

36CIf E Loav$n6trll 
- 2 CDNEfNW 

.,:..: 
.PkI~f-iP~~~~~~Bll,frlt~rlrNTG~~i~:.; ,,,, ~, ,,, ~,,:, ,: ‘,‘, 1~ 
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Xl(l) = AA1 
X112) = AA2 
X1(3) = AA5 

s ISNlO~ 0 .CPYb, 

_~ ._. 
SMIZ) D RZtL) 

_ . _ _ 
~~~~ ~-~~- ..~ALLl. 

RMSSTRfLb L 1000,* 

PRINT 111,cc 
A.01 * l,/SORTF~AAtl 

.-AD2 = I!/SC#TFlAA2) 
Ail.3 . l,/SCRTF(AA3I 

-__ 

PHlNT li2,ADl,AD2,AD5,AD4,ACS,ALM 
J& BRDEH(PARS~Z,NFC,HMI 

it 13 IilrNFC 

-__. C5(I)=EXPFIAA5*SL~PEfO) 
Cb~I~~fXPF(AA6~S~QP~o) 
Dl(IJ n-Altf.)/C&f~I~. 

1flJ (IlICI~I~ ,.~ ,. 
03(I) Lf1~l/C311) 

_-A 

04(l) s A4f!l/C4f.I) 
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F 

:ALL AXlSIO,,O,,3H L ,.3,lO,,G,,l,,G,;ls,~4~~$~2~ 
:ALL AYlSIOI;0,&2H RMS STRAIN r,12rlQ,~~G.,1~r0,,,0~~,4~F~,3~ 
AlI LJNEC85 L~Z)rRMGSTR(Z~,NF~~r~) 

l.t,.nLrrr,*'n* :' 

i- y.w*pe- -- 

3s !. ,=3,10,10,11,,0,;15,,1Hi6,2) 

~,, :‘~Gw. rcprrvlvr”,? :: 
s : ,, , '~~C $#A P!&!clz,io+a? 

c&l ~l<i_bit~Slg+-rPc3&3tiT3M~ 
14HF4,2) 

CALL AXl;(G&r 
CA&LUN lS3ALO 
CALC! LtNEcee&tD 
~~ALL:-L~NE~B~A~~D 

,: @&m&&&x 
p4' STopPLOT 

-.- - . . - 
,.., _ 

-&A ,.:i ,, ,, ,) ,, i, .,;:.;,; ,,, ,+y~- ;, 
-LLk- _.,.. i. .L-b--.---- ,, _..,, ,,;~‘,:+“:!,,$; ;,+ ,,, ,(, ; ‘?. 

: BUURWTINE NIX (A&L) 
-. -., ______ 

s P&fiE~Sf@N !iN), _ ‘i * 
m  . . ALL% ‘, A.” .~ “‘2 

C’l 
DB 1 IC,N 

__- IFIA~I>.L.E&.aI~k~ $8 TO & __ 
BlGA I AtI)’ 
L,.* 1 

L-Lx4puL: ~L-~L---i ” 
., y ., 

--_.-.---- .--.- ---- 

END 
_~~ - 

-----..-_..L-__L ~, ,,. ,,~I - 

.-, 
WBRRUT~NE BffDERt6tNiL) 

-- 

~~ D1HENS1@N AIN) ‘: ,', ; ., ', ~~ ,,, .,, :.,'< ';‘C ,.,, 
t.Sl~ '." ,,., /, .,. / ,.,,,,, .: -,i, L ,,,, " 

~IGA=AcI~ 
DE, 1 I=Z,N 
SFtAtl,.QT,8lGA) Gm~ 
Bf8AFAtfi 
Let ,' ',' ,, ,,::a',:~, 'T, (_ ;;,,' ',' 

N  - ~1 g ;$Li2 " '-:, "' 

2 L=I 
3 RETURN -__ - 

-~.---. --- 
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~- S"BRQ",~NE LsQPQL(M,KM,~~W,ISW,LP;SIPM~~~~CS;U;YIDE~V~~ 
lSC,A,STR) 

~-A-L -w- ,: ...e, !,, & ,'.,-~.I~,.i.';,:t- ;" 
__~~.__.---~-_~ .-.. -__ y ,,, ,:~ ,:. 

c" 
CORRECTED APRIL,1964 
MQDIFIED QCT, 16;196.( 

._c-.-.~-LnnL F62l F63 _-~-.__ 
DIHENSIBN J(3Q),X (lOO),F2'~lO~)~ST~JO)i~~~80~~ 

1 ~~~~O),~H(~~~~,P(~~~I,B(JO~,OR~V~~OO~,W~~OOJ.~, 
~~._. ~~~4,.~~LLc;IQ~~~lOeLrB_~.J1_)_.-~ __-- AL 

DI~ENSIQ~Dfll,~lI,C~Il)rSCl~i) 
DIMENSIBN STR(30) 

~~,__.~~ 111.11ml.O 
.$;lJ L;‘. :. 

&!M’~-.P ‘,!“’ 
SQPL I,0 

.__- lJK=O __ 2'. ,. 
LL80 

V FMwO,O 
~-.-- __-____ 

AtZ,Z)=l,O 
FMARnO,O : 

~34Lmy~~r"F;. ___~_...~~ ---,.. .-B 

IFW~I~09,~0~0,100Y 
.._ _2 “ALli;.;ygij.~-~. _ i ~__- --~- --_-~.~. .~~-,,~~~.-~~~-.~ ~~. 

1 

- PJKII-s~~Lz..-.-~~~~- . . ---..-~ 
1, ,, 

.-.- .-~ __-.__ 
FBARlFBAR+F(I)*PM(I) 

:;:~,: ,,,. ~j~,'~~~~,~~~:~~:~~~~~~~~~~.ll, 

0 XBAR~XRARIX(I)*PM(tl**2 LSG 
_. R*XBAR/FM ---- SC 

T(l)eFBAR/FM 
A12,l)awXEAR 

--ml 
Pxrmo;o 
DQ201sl,H 

311L~-_.y..--- . .._._ -.--- ..,. -_- 
__r_ .’ ,.;“.l.r:~~~~.~~~~~ 

:: 
I& --_ P~l~r~IlrXBAI 

PXFRPXF*P(I>*F( 
20 PxP?PxP+P(I)*Pf 

-2l2m?x- .-"- 

,,,, 
,,, ",, ,.,: I, ~~ ':,~~?~,~:~~~ p .j,, .h,,, :,,-a ,i I~ 

XJFl: ?S 
IQPL; ?V 

,,., 
:: ;,;i>;,;,<I 3&zJijT 

: ,,I ;1, .",' ~',:!~;;:,i':&@& ,, /1 ,:"::v;,,,~; :,, 

iOP&L 34 

,., ~$$g- 

., .(,: 2;,;j ~~~~,~~~, ~: ;,,* ,: 

‘,-,~i_~, 

PilXPM=FM 
S(I)mPHXPM 
KM.KM+I ___.-- ---_--. 9 

I_-_ ,., ‘, 

65 

..- 

J) 

- 

-. 
__. ipn xPx~/pxp 

BEIA:;PXPM,PMXPM 
c: 

PPKfmO,O 
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PPXPPro,b 
..--___ 

CSE 
+&,POlPl,M 

80 PT?!f 
CSb 

--____ 
81 PC :II’xf~lrP:cAtPHA*PT~~ETAIPMo 
82 PF ‘XF~PPXF+P(II*FtI) 
83 Pf ’ 

,?O PMfIIaPT ’ t30 
ttx)rPPxF~PPxPi’ C85 
Pf4XPR5PXP .-__~ 
PXPZPPXPP 

--!a, 

AlKll~n.ALPHA*A~K;~I~)~5~~~~AtK~Z~~~ 
~K.K.%)WtK-1, c - C  -4r I lrALPHA LSOPL $2 

D01201n2rKl + 
- 

$28 A(Y,!)EAtK-l,I-~,-ALF~A~A~K~~,l~aSETA~A~K8~,~l 
150 DE 1163ImlrK 
W Q  Btl~rBIlltTIKI*AIKti.~ 
165 SIP2SQ,Q 

*n+rrhr-*’ n 
.-- 

:(II,K,B) 
_ Y’D* 

Ytl)SPOi.YEltY 
175 UtLYtlfrYtI). 
1bD SIRZrSl02+tDE 

5102r516 
SI5MA~SC s Kl 1-f D&F 

49Q STCI 
,.AGki- 

?iB~llCO e 
D@%JDJNi;K 

~--m-s I 1) 8% 
._. I 

5&l* 58 
IF 

___ .~ swg “; 
! SPPQ 8 

;;Fg---~ 
SOPI: !s 
SQPL T* .__ 

=T- 

crwk 8 

SPPC’ 8 -~ 
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LswL.ij-4 
LSQPL*35 

0(10,2)m315,/128, 
DClO,l)rC, 

-~~~~ ~~..-Mll,ll I 46189./?56. 
D~l1,10~:0 
D~ll,9~~.1~9395,/246, 
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708 $C(~)BSQRTF(SC(III 

Oe 1100 ?4,K 
JJKatJI(*L _ : ; i 1.1 __- 
STR(lJK) = 6(I) 

11OD CSNTINUE 
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-.-- ---. -- 
KK*K-1 LSWPLY~; 
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30 1KaKrI L"$ 
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